1. The mucus glycoproteins in meconium from normal infants and from infants having cystic fibrosis with meconium ileus have been studied.
Meconium therefore is a convenient and plentiful source of sterile material for the study of the mucus glycoproteins of the foetus and the newborn. In addition, knowledge of normal meconium enables comparisons to be made with meconium from cases of cystic fibrosis presenting as meconium ileus.
Methods
Specimens of meconium were stored at -2OOC until required. The blood-group activity of each specimen was determined (Boorman & Dodd, 1970) in doubling dilutions, and the meconium was pooled accordingly to give five samples, designated A, B, AB, H and N, where N represents meconium devoid of A, B or H blood-group activity.
All patients with cystic fibrosis had been operated on for intestinal obstruction and were found to have meconium ileus. Patient CF-1 has a sibling with cystic fibrosis. The sodium content of sweat was 114 mmol/l for patient CF-1,93 mmolh for patient CF-2 and 105 mmolh for patient CF-3. The diagnosis of cystic fibrosis was supported by the subsequent history, namely recurrent respiratory infections and evidence of pancreatic insufficiency.
The samples were dialysed exhaustively against distilled water and freeze-dried (dialysed meconium). Each sample was subjected to proteolytic digestion by the method of Fraser & Clamp (1975) and then exhaustively dialysed against distilled water and freeze-dried (egested meconium). The dried material (400 mg) was dissolved in 5 ml of sodium chloride solution (1 50 mmol/l) and applied to a column (98 cm x 3.5 cm) of Sephadex G-150 and eluted with sodium chloride solution. The effluent was monitored for the presence of hexose (Dubois, Gilles, Hamilton, Rebers & Smith, 1956 ) and the hexose-containing peaks were pooled according to the profile to give three fractions designated 150-1, 150-2 and 150-3. Each fraction was dialysed against distilled water and freezedried. This procedure was repeated on the remaining digested meconium until the whole sample had been processed in this way.
The fraction 150-1 was now subjected to pelimination with reduction, a modification (Fraser, 1974) of the Carlson (1968) technique being used. A portion of 150-1 (300 mg) was dissolved in 120 ml of potassium hydroxide solution (250 mmol/l) containing sodium borohydride (4.5 g) and the solution kept at 45OC for 9 days. At the end of this time the pH was adjusted to 5.0 with acetic acid and the solution freeze-dried. The dried material was extracted with water (80 ml), centrifuged (38 OOO g for 30 min at 5OC) and the supernatant solution freeze-dried. This dried material was extracted with water (20 ml), centrifuged and freeze-dried as before. The dried material was again extracted with water (10 ml), centrifuged, freezeconcentrated and applied to a column (160 cm x 2.4 cm) of Sephadex G-10, which was then eluted with water. The hexose-containing fractions were identified as previously described, pooled and freeze-dried. The dried material was dissolved in water (1 ml) and applied to a column (150 cm x 1.4 cm) of Sephadex G-50 and eluted with water.
The effluent was monitored for hexose as before and the fractions were pooled according to the profile and freeze-dried. The last peak to emerge from the Sephadex G-50 column was poorly resolved and this fraction was separated on a column of Sephadex G-25 under identical conditions.
The carbohydrate content of glycoproteins, glycopolypeptides and oligosaccharides was determined by gas chromatography with the method of Clamp (1977).
Results
In common with most secretions containing mucus, meconium possesses blood-group activity. A, B and H activities are of particular interest because these are associated with mucus glycoproteins and are determined by the presence of certain monosaccharides in non-reducing end-group positions. The normal meconium specimens were therefore pooled to give five different samples, namely: those with blood group A (A); those with blood group B (B); those with both A and B (AB); those devoid of A and B but possessing H activity (H) and those devoid of A, B and H activities (N) .
Meconium contains a significant amount of lowmolecular-weight material, chiefly inorganic salts and bile components (Harries, 1978) , and these were removed in the first dialysis step. Normal meconium at this stage contained close to 50% carbohydrate (Table l ) , which is consistent with previous reports (Fraser & Clamp, 1975 ; Harries, 1978) on the content of mucus glycoproteins in meconium. There is little difference between the various normal meconium results, but the cystic fibrosis samples are markedly different in containing only about 10% of total carbohydrate.
The major contaminants at this stage are proteins, particularly plasma albumin and other glycoprotein materials such as globulins and The first peak to emerge (150-1) was devoid of mannose (Table 3 ) and this material was used for subsequent studies. The oligosaccharide units in mucus glycoproteins are 0-glycosidically linked and these linkages to protein are alkali-labile. The reaction is carried out in the presence of excess reducing agent, which stabilizes the liberated oligosaccharide unit from alkaline degradation by reducing the linkage N-acetylgalactosamine to the corresponding glycitol, N-acetylgalactosami. The reduction step has additional advantages in identifying the linkage monosaccharide, establishing the equivalent weight of the oligosaccharide unit and monitoring any non-specific cleavage by the appearance of other glycitols. The conditions for cleavage with reduction of mucus glycoproteins were established by Carlson (1968). These conditions as modified by Fraser (1974) release over 90% of the oligosaccharide units from mucus glycoproteins of meconium. The overall recovery of carbohydrate from the glycoprotein to the final isolation of oligosaccharide units was not significantly Werent between normal and cystic fibrosis, beiig 37% and 35% respectively. These overall recoveries are reasonable in view of the cumulative losses during the various extraction and chromatographic procedures. Table 4 gives the molar yield of the various oligosaccharide fractions for each meconium sample. On average, about 70% of the oligosaccharides contain from five to nine residues, although there are slight difFerences between the various samples. The range of oligosaccharides is very wide, from just the linkage monosaccharide to units containing 30 residues. There does not appear to be any significant difference between normal and cystic fibrosis meconium in the size distribution of the oligosaccharide units. Table 5 compares the compositions of the oligosaccharide fractions from cystic fibrosis material with those from normal material. The comparisons are made on the basis of similar contents of galactose and N-acetylglucosamine. Apart from those units that could be so compared, a number of oligosaccharides were found in the cystic fibrosis material that were not found in normal material. For example, a unit was found containing eleven residues of galactose and nine of N-acetylglucosamine which had nine residues of fucose.
Only one of the oligosaccharide fractions was present in all the normal meconium samples. This fraction contained one residue of fucose, three residues of galactose, two of N-acetylglucosamine and one residue of N-acetylneuraminic acid, together with the linkage N-acetylgalactosamine.
No fraction from A meconium contained a signiticant amount of N-acetylgalactosamine apart from the linkage residue. Obviously this mono- saccharide must be present in non-reducing terminal positions in order to confer A activity, but the number of units possessing such terminal residues must be very small in any particular fraction.
Discussion
When dialysed meconium is analysed for content of protein-bound carbohydrate, a striking difference is found between normal and cystic fibrosis material (Table 1) . Whereas normal meconium contains about 50% carbohydrate, that from cystic fibrosis contains only 10%. The lower content of mucus glycoproteins and correspondingly larger amounts of albumin in cystic fibrosis meconium may play a part in altering the physicochemical properties of meconium in meconium ileus (List, Findlay, Forstner 6t Forstner, 1978) . As might be expected, the carbohydrate contents are not significantly different after exhaustive proteolytic digestion had removed most of the contaminating protein ( Table 2 ). The analyses of the mucus glycopolypeptides (150-1, Table 3 ) show interesting differences, particularly in the fucose content. Thus N has only half the fucose content of the others and this is accompanied by a higher content of the core monosaccharides, N-acetylglucosamine and galactose. The lower content of fucose in N is consistent with the known distribution of terminal residues in nonsecretors. No oligosaccharides from N contained more than two residues of fucose and indeed more than three-quarters of the N oligosaccharides contained only one residue or no fucose at all.
The cystic fibrosis mucus glycopolypeptides (1 50-1, Table 3 ) had greater amounts of fucose and lesser amounts of N-acetylneuraminic acid (sialic acid) than normal. The reciprocal relationship between these two terminal monosaccharides was first noticed by Dische (1963) . The greater amounts of fucose were reflected in the oligo- saccharides prepared from mucus glycopolypeptides (Table 5 ). The oligosaccharide fractions from cystic fibrosis usually contain more fucose than their normal counterpart. Indeed the oligosaccharides from normal meconium never contain more than three residues of fucose, whereas those from cystic fibrosis may contain six to eight residues. It must be emphasized that the observations on mucus glycopolypeptides and oligosaccharides are based on only three cases of cystic fibrosis with meconium ileus. Our confidence in these findings is, hQwever, strengthened by the fact that material from cystic fibrosis has previously been reported to contain a high content of fucose (Dische, Thus it is extremely dimcult to obtain strictly comparable mucus-containing material from normal subjects and cystic fibrosis patients. Even when such material has been obtained, the analyses have usually been carried out on relatively crude material. As can be seen from Tables 1, 2 and 3, the differences do not become manifest until the material has been purified to the mucus glycopolypeptide stage. In addition, until recently, the only techniques available for carbohydrate estimations were colorimetric procedures. Dische himself originated most of these techniques and in his laboratory even small differences in fucose content were significant. The present study overcomes these difficulties. The increased fucose content should have important effects on the properties of mucus. Fucose (6-deoxy-~-galactose) has a hydrophobic group, namely a methyl group, at position C-6. An increase in the numbers of these groups would reduce the water associated with the oligosaccharide unit. In addition, neighbouring chains could associate through hydrophobic interactions. Both these effects would increase the gel-like properties of mucus and might be important therefore in cystic fibrosis.
There are other connections between fucose and cystic fibrosis. For example, an abnormal distribution of m-fucosidase has been reported in this disease (Scanlin, Matacic, Pace, Santer & Glick, 1978; Scanlin, Matacic & Glick, 1979) and a difference has been found in the concanavalin A binding between cystic fibrosis and normal liver a-L-fucosidase (Alhadeff & Watkins, 1979) . It is possible that the oligosaccharide units of mucus glycoproteins after synthesis are subjected to glycosidase action in a similar fashion to N-glycosidically linked units. If, therefore, fucosidase activity was altered in goblet cell membranes, these series of observations would be compatible with one another. A further connection would be with the condition of fucosidosis, in which there is a more widespread disturbance of fucosidase activity. It may be significant, therefore, that in fucosidosis there is not only an increased sodium chloride content in sweat but also a tendency to respiratory infections (Durand, Borrone & Della Cella, 1969) .
